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Non-fullerene organic acceptors have attracted increasing attention in recent years. One of the challenges in the synthesis of
non-fullerene organic acceptors is to tune the absorption spectrum and molecular frontier orbitals, affording low bandgap mol-
ecules with improved absorption of the near-infrared solar photons. In this paper, we present the synthesis, optoelectronic and
photovoltaic properties of a series of dimeric perylene diimide (PDI) based non-fullerene acceptors. These PDI dimers are
bridged by oligothiophene (T) from 1T to 6T. With the increase of the oligothienyl size, the highest occupied molecular orbital
(HOMO) energy is raised from —5.65 to —5.10 eV, while that of the lowest unoccupied molecular orbit (LUMO) is kept con-
stant at —3.84 eV, affording narrow bandgap from 1.81 to 1.26 eV. The absorption from the oligothiophene occurs between
350 and 500 nm, which is complementary to that from its bridged PDI units, leading to a wide spectral coverage from 350 to
850 nm. The optimal dihedral angle between the bridged two perylene planes is dependent on the oligothienyl size, varying
from 5° to 30°. The solubility of the dimers depends on the oligothienyl size and can be tuned by the alkyl chains on the
bridged thienyl units. The possible applications as the solution-processable non-fullerene organic acceptor is primarily studied
using commercial P3HT as the blend donor. The photovoltaic results indicate that 1T, 4T and 6T all yield a higher efficiency
of ~1.2%, whereas 2T, 3T and ST all give a lower efficiency of <0.5%. The difference in the cell performance is related with

the tradeoff between the differences of absorption, HOMO level and film-morphology between these dimers.
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1 Introduction

Non-fullerene organic photovoltaic (OPV) cells use non-
fullerene organic n-type molecule (small or polymeric) as
the acceptor, which is blended with small molecule or pol-
ymer donor to form the photoactive blend layer. In 1986,
Tang [1] used a phthalocyanine compound as the donor (D)
and a perylene diimide (PDI) derivative as the acceptor (A),
proposing the first OPV cell with a bilayered planar cell
structure. Since then, a number of organic acceptors have
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been synthesized, for example, 9,9'-bifluorenylidene [2],
benzothiadiazole [3,4], naphthalene diimide [5-8], quina-
cridone [9], fluoranthene-fused imide [10,11], decacyclene
triimide [12], diketopyrrolopyrrole [13], electron-deficient
pentacene [14], and indandione [15].

In 2013, the effort leads to significant advances. Because
the PDI chromophore exhibits promising optoelectronic
attributes such as strong absorption in the visible region of
450 to 650 nm [16], good electron affinity with tunable
low-lying lowest unoccupied molecular orbital (LUMO,
about —4.0 eV) [17], high electron mobility of 107°-10
cm?/(V s) [18], and high chemical, thermal, and photo-
chemical stabilities [19], it is considered as a potential can-
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didate of n-type organic semiconducting moieties to synthe-
size non-fullerene organic acceptors. However, the key fac-
tor that limits its applications in OPVs is the aggregation
tendency, which is caused by the large m-system of the
perylene core. When blended with a donor, PDI acceptor
often forms large aggregates, typically with a size of over
100 nm, severely limiting the charge-dissociation [20]. Af-
ter reduction of the aggregation tendency by the formation
of twisted dimeric [21-28] or trimeric [29,30] backbone, or
by imidization using branched alkyl amine such as
1-ethylpropylamine [31-33] or by incorporation of large
conjugated m-systems, for example, on the bay region [34],
the power conversion efficiency (PCE) from the PDI based
small molecule acceptors has been raised up to 3%—4%
[21-26]. With respect to the conventional cell configuration,
an inverted cell structure takes advantages of the carrier-
extraction favourable donor/acceptor (D/A) distribution in
the top and buried surface of the active layer, which leads to
a higher PCE value (4.34% vs. 3.28%) [35]. On another
aspect, the inverted cell structure can trap more light and a
PCE of 5.9% was achieved by using an inverted cell struc-
ture with a fullerene self-assembled monolayer (Cg-SAM)
on the ZnO electron selective layer [36]. Very recently, the
PCE value from the small molecule acceptor based non-
fullerene OPVs has been increased up over 6% either from
perylene derivatives or other n-type small molecule semi-
conductors [37-40].

With respect to the fullerene acceptor, organic counter-
part normally shows absorption in the visible region of
wavelength. Generation and consequent exploitation of the
acceptor’s excitons is thus the same important as the do-
nor’s for efficient non-fullerene solar cells. This requires
improving the light harvesting ability. Moreover, this re-
quires the acceptor molecule having suitable HOMO level
to match with that of the blend donor, affording efficient
hole transfer from the acceptor to the blend donor. Accord-
ingly, it is an issue in the research of non-fullerene solar
cells to tune the light-harvesting ability and the HOMO en-
ergy level of the organic acceptor via the backbone modifi-
cations.

In this paper, we report a series of PDI dimer based ac-
ceptors (Figure 1), in which the absorption and HOMO
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Figure 1 Molecular structures of the six PDI dimers.
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level are both tuned simply by the size of the bridged oli-
gothiophene. The photovoltaic properties of these organic
acceptors are primarily checked by using the commercial
P3HT as the blend donor.

2 Experimental

2.1 Materials and instruments

The polymer of P3HT was purchased from Solarmer com-
pany. '"H NMR and °C NMR spectra were recorded by a
Bruker DMX-400 (Germany) spectrometer with CDCl; as a
solvent and tetramethylsilane as an internal reference.
MALDI-TOF mass spectra were recorded by a Bruker
BIFLEXIII (Germany). Transmission electron microscopy
(TEM) tests were performed on a JEM-2011F (JEOL, Japan)
which is operated at 200 kV. The cyclic voltammetry (CV)
was performed using a Zahner IM6e electrochemical work-
station in a 0.1 mol/L tetrabutylammoniumhexafluorophos-
phate (BuyNPF¢) dichloromethane (DCM) solution with a
scan speed at 0.1 V/s. A Pt wire and Ag/AgCl were used as
the counter and reference electrodes, respectively. The con-
centration of the dimer is 1x10™ mol/L in chromatographic
pure DCM. Absorption spectrum was measured on Hitachi
U-3010 (Japan) UV-Vis spectrophotometer. All spectro-
scopic measurements were carried out at room temperature.
The film spectrum was obtained via the transmission mode.
The thickness of the solid films was measured by Bruker
Dektak XT Profilometer (USA). Thermogravimetric analy-
sis (TGA) was performed on a Perkin-Elmer TGA-7 (USA)
at a heating rate of 10 °C/min under nitrogen flow.

2.2 Measurements of solubility

A working plot was first built for each dimer by plotting the
absorbance at 560 nm versus concentration, which is con-
trolled from 1x107° to 1x10™> mol/L. Secondly, a saturated
solution was prepared for each dimer at room temperature
and it was then diluted to this concentration range. The real
concentration of this dilute solution was estimated accord-
ing to its absorbance, from which the solubility was finally
measured.

2.3 Quantum chemical calculations

Density functional theory calculations were performed with
the Gaussian 09 program, using the B3LYP functional.
All-electron double-& valence basis sets with polarization
functions 6-31G* were used for all atoms. Geometry opti-
mizations were performed with full relaxation of all atoms
in gas phase without solvent effects. Vibrational frequency
calculations were performed to check that the stable struc-
tures had no imaginary frequency.
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2.4 Fabrications and characterizations of organic solar
cells

Solar cell devices with a typical configuration of ITO/
PEDOT:PSS/active layer/Ca/Al was fabricated as follows:
The ITO glass was pre-cleaned with deionized water,
CMOS grade acetone and isopropanol in turn for 15 min.
The organic residues were further removed by treating with
UV-ozone for 1 h. Then the ITO glass was modified by
spin-coating PEDOT:PSS layer (30 nm) on it. After dried in
oven at 150 °C for 15 min, the active layer was spin-coated
on the ITO/PEDOT:PSS surface with a blend solution of
PDI dimer and P3HT (40 mg/mL in 0-DCB). The electrode
with Ca (20 nm) and Al (80 nm) was then thermally evapo-
rated onto the active layer under the vacuum of 1x10~* Torr.
The active area of the device was 0.06 cm?, and the thick-
nesses of the active films were ~100 nm. The devices were
characterized in nitrogen atmosphere under the illumination
of simulated AM 1.5 G, 100 mW/cm® using a xenon-lamp-
based solar simulator (AAA grade, XES-70S1). The
current-voltage (J-V) measurement of the devices was con-
ducted on a computer-controlled Keithley 2400 Source
Measure Unit. The external quantum efficiency (EQE)
measurements were performed in air using QE-R3011 (Enli
Technology Co. Ltd., Taiwan, China) with a scan increment
of 10 nm per point.

2.5 Mobility measurements by space-charge limited
current (SCLC) method

The electron-only devices were fabricated with a configura-
tion of ITO/titanium (diisopropoxide) bis(2,4-pentanedio-
nate) [41] (TIPD, 20 nm)/blend (150 nm)/Al (100 nm).
Since the HOMO and LUMO energy levels of TIPD are of
-3.91 and -6.0 eV, respectively, it can be used to fabricate
the electron-only SCLC device. The TIPD buffer layer was
prepared by spin-coating a 3.5 wt% TIPD isopropanol solu-
tion onto the pre-cleaned ITO substrate and then baked at
150 °C for 10 min to convert TIPD into TOPD. Subse-
quently, the blend was spin-coated on it under the same
condition as preparation of the optimal solar cell. The Al
layer was thermally deposited on the top of the blend in
vacuum. The Al layer was deposited at a speed of 1 A/s.
The electron mobility was extracted by fitting the current
density-voltage curves using the equation J=9/8&gy,V*/L’
xexp[0.89(V/E0L)0‘5] [42], where ¢ is the dielectric constant
of the polymer (here, 3 is used), & is the permittivity of the
vacuum (8.85419x1072 CV~! m™), 1, is the zero-field mo-
bility, E, is the characteristic field, J is the current density, L
is the thickness of the films, and V=V, ,,—Vyi, here Vi is
the applied potential, and Vy;is the built-in potential which
results from the difference in the work function of the anode
and the cathode (in the electron-only device, V,;=0 V). The
electron mobility of the solar cell blend is deduced from the
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intercept value of In(9&g4/8) by linearly plotting In(JL*/V?)
vs. (V/L)™.

2.6 General procedure for synthesis of 2d-2f

A mixture of 5,5'-dibromo-4,4'-dihexyl-2,2'-bithiophene (8,
4924 mg, 1.00 mmol) and 2-tributylstannylthiophene (6,
821.0 mg, 2.20 mmol) was dissolved in dry toluene (20 mL).
A catalytic amount of Pd[P(C¢Hs)3]4 (69.3 mg, 0.06 mmol)
was added and the reaction mixture was stirred at 110 °C
for 36 h. The mixture was extracted with dichloromethane
(DCM) and then washed with water. Then the DCM layer
was dried over Na,SO,. After removal of DCM, the residue
was subjected to chromatography with petroleum ether/
DCM as eluents to afford 3',4"-dihexyl-2,2":5',2":5",2"'-
quaterthiophene (2d) (399.1 mg, 0.80 mmol, 80%) as a yel-
low solid; 'H NMR (400MHz, CD,Cly) 6 ppm: 7.32 (d,
J=5.20 Hz, 2H), 7.14 (m, 2H), 7.07 (m, 2H), 7.02 (s, 2H),
2.72 (t, J=8.00 Hz, 4H), 1.65 (m, 4H), 1.38 (m, 4H), 1.31
(m, 8H), 0.88 (t, J=6.76 Hz, 6H); >*C NMR (100 MHz,
CDCl3) o ppm: 140.5, 136.1, 135.1, 129.7, 127.6, 126.5,
126.0, 125.5, 31.8, 30.7, 29.5, 29.4, 22.8, 14.2; TOF MS:
m/7z=499.2 [M+H]".

3"-Hexyl-2,2":5',2":5",2"":5" 2""-quinquethiophene (2e).
The general procedure was followed, and flash column
chromatography (silica gel, petroleum ether/DCM) afforded
2e (372.1 mg, 0.75 mmol, 75%) as a yellow solid; '"H NMR
(400 MHz, CD,Cly) 6 ppm: 7.24 (m, 2H), 7.20 (m, 2H),
7.13 (s, 1H), 7.08 (m, 2H), 7.04 (m, 4H), 2.76 (t, J=8.00 Hz,
2H), 1.66 (m, 2H), 1.39 (m, 2H), 1.31 (m, 4H), 0.88 (t,
J=6.76 Hz, 3H); *C NMR (100 MHz, CDCl;) & ppm: 140.6,
137.3, 137.2, 137.2, 136.3, 136.0, 134.9, 129.6, 128.0,
126.7, 126.4, 124.6, 124.5, 124.3, 124.1, 123.8, 123.7, 31.8,
30.6,29.6,29.4,22.8, 14.2; TOF MS: m/z=497.1 [M+H]".

3" 4"'-Dihexyl-2,2":5',2":5" 2"":5"" 2"".5"" 2""'-sexithio-
phene (2f). The general procedure was followed, and flash
column chromatography (silica gel, petroleum ether/DCM)
afforded 2f (496.6 mg, 0.75 mmol, 75%) as an orange solid;
'H NMR (400MHz, CD,Cl,) & ppm: 7.23 (dd, J=0.88, 4.88
Hz, 2H), 7.20 (dd, J=0.90, 3.48 Hz, 2H), 7.13 (d, J=3.76 Hz,
2H), 7.04 (m, 4H), 7.00 (s, 2H), 2.77 (t, J=8.00 Hz, 4H),
1.70 (m, 4H), 1.43 (m, 4H), 1.36 (m, 8H), 0.93 (t, J=6.76
Hz, 6H); >C NMR (100 MHz, CDCl3) § ppm: 140.6, 137.2,
137.1, 135.1, 135.0, 129.6, 128.0, 126.7, 126.5, 124.6,
124.1, 123.8, 31.8, 30.6, 29.7, 29.4, 22.8, 14.3; TOF MS:
m/z=663.1 [M+H]".

2.7 General procedure for synthesis of 3a-3f

A solution of n-BuLi (2.20 mol/L in hexane, 1.00 mL, 2.20
mmol, 2.20 equiv.) was added dropwise to a solution of 2a
(68.1 mg, 1.00 mmol, 1.00 equiv.) in anhydrous tetrahydro-
furan (THF, 15 mL) in a Schlenk flask at —78 °C. After 1 h
at —78 °C, the reaction mixture was stirred at ambient tem-
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perature for 30 min. Then, Me;SnCl (1.00 mol/L in THF,
2.50 mL, 2.50 mmol, 2.50 equiv.) was added and the stir-
ring was maintained for 1 h. After dilution with ethyl ace-
tate (EtOAc, 50 mL), the mixture was washed with a satu-
rated aqueous solution of KF (20 mL) and then water, dried
over MgSQO, and solvent was removed by distillation under
vacuum. The residue was recrystallized from methanol to
give 2,5-bis(trimethylstannyl)thiophene (3a) (369.8 mg,
0.90 mmol, 90%) as a white crystal.
5,5'-Bis(trimethylstannyl)-2,2'-bithiophene ~ (3b). 3b
(442.7 mg, 0.90 mmol, 90%) was recrystallized from meth-
anol as a white flake crystal.
5,5"-Bis(trimethylstannyl)-2,2":5',2"-terthiophene ~ (3c).
3c (528.1 mg, 0.92 mmol, 92%) was recrystallized from
methanol as a pale yellow needle crystal.
5,5"'-Bis(trimethylstannyl)-3',4"-dihexyl-2,2":5',2":5",2""-
quaterthiophene (3d). 3d (750.2 mg, 0.91 mmol, 91%) was
recrystallized from methanol as a yellow needle crystal.
5,5""-Bis(trimethylstannyl)-3"-hexyl-2,2":5',2":5",2"":5",
2""-quinquethiophene (3e). 3e (674.4 mg, 0.82 mmol, 82%)
was recrystallized from methanol as a yellow needle crystal.
5,5""'-bis(trimethylstannyl)-3",4"'-dihexyl-2,2":5',2":5",2
"5 2rr 5t 2" -sexithiophene (3f). 3f (840.4 mg, 0.85
mmol, 85%) was recrystallized from methanol as a yellow
needle crystal.

2.8 General procedure for synthesis of PDI dimers 1
from 2T to 6T

The synthetic procedure is similar to that of bis-PDI-T-EG
(1T), that we have previously reported [21,22].

2T was got in a yield of 83%. 'H NMR (400 MHz, CDCl5)
o ppm: 9.59-9.45 (m, 2H), 8.80-8.11 (m, 10H), 7.22-7.11
(m, 4H), 4.72-4.55 (m, 4H), 4.23-4.04 (m, 8H), 4.04-3.95
(m, 4H), 3.66-3.55 (m, 6H), 2.04-1.84 (m, 4H), 1.48-1.19
(m, 32H), 1.02-0.80 (m, 24H); C NMR (100 MHz, CDCl;)
o ppm: 164.1, 164.0, 163.7, 163.6, 157.1, 144.0, 139.1,
135.4, 134.3, 133.5, 133.3, 133.2, 131.7, 131.5, 1304,
129.4, 128.8, 128.7, 128.2, 127.9, 127.8, 125.9, 124.0,
123.7, 122.3, 121.8, 121.5, 120.8, 117.8, 70.9, 69.5, 59.6,
44.6, 38.2, 30.9, 28.9, 24.2, 23.2, 14.3, 10.8; Elemental
analysis for Co4HogN4O5S,: Caled. C, 73.32; H, 6.41; N,
3.64; S, 4.16; Found C, 72.95; H, 6.37; N, 3.67; S, 4.16.
TOF MS: m/z=1539.6 [M+H]".

3T was got in a yield of 85%. 'H NMR (400 MHz,
CDCl;3) 6 ppm: 9.62-9.41 (m, 2H), 8.70-8.16 (m, 10H),
7.23-7.17 (s, 2H), 7.16-7.05 (m, 4H), 4.70-4.56 (m, 4H),
4.24-4.05 (m, 8H), 4.05-3.95 (m, 4H), 3.69-3.54 (m, 6H),
2.04-1.82 (m, 4H), 1.49-1.14 (m, 32H), 1.04-0.71 (m,
24H); *C NMR (100 MHz, CDCl3) § ppm: 163.8, 163.6,
163.5, 157.0, 143.3, 139.5, 136.2, 135.1, 134.1, 133.3,
133.0, 132.2, 131.6, 131.4, 130.2, 129.3, 128.7, 128.5,
128.0, 127.8, 127.6, 125.3, 125.2, 123.9, 123.6, 122.2,
121.8, 121.5, 121.3, 120.6, 117.6, 70.9, 69.4, 59.6, 44.5,
44.4, 38.1, 31.0, 28.9, 24.2, 23.2, 14.3, 10.8; Elemental
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analysis for Co4HogN4O5S,: Caled. C, 72.57; H, 6.21; N,
3.45; S, 5.93; Found C, 72.75; H, 6.17; N, 3.47; S, 5.92.
TOF MS: m/z=1622.1 [M+H]".

4T was got in a yield of 85%. 'H NMR (400 MHz,
CD,Cly) 6 ppm: 9.49-9.32 (m, 2H), 8.57-8.02 (m, 10H),
7.18-6.99 (m, 6H), 4.67-4.52 (m, 4H), 4.15-3.93 (m, 12H),
3.68-3.54 (m, 6H), 2.77-2.62 (m, 4H), 1.96-1.81 (m, 4H),
1.71-1.57 (m, 4H), 1.45-1.16 (m, 44H), 0.98-0.84 (m,
24H), 0.84-0.69 (m, 6H); *C NMR (100 MHz, CDCl;) &
ppm: 164.0, 163.6, 163.5, 157.0, 143.9, 141.3, 138.8, 135 .4,
134.1, 133.2, 131.8, 129.3, 127.7, 127.0, 123.8, 122.1,
121.4, 117.5, 70.9, 69.4, 59.6, 44.6, 38.2, 31.7, 31.0, 30.4,
29.8, 29.3, 29.0, 28.9, 24.3, 23.3, 22.7, 14.3, 14.2, 10.8,
10.8; Elemental analysis for C;;4H;2¢N4O5S4: Caled. C,
73.12; H, 6.78; N, 2.99; S, 6.85; Found C, 72.98; H, 6.76; N,
3.00; S, 6.86. TOF MS: m/z=1872.2 [M+H]".

5T was got in a yield of 81%. 'H NMR (400 MHz,
CD,Cly) 6 ppm: 9.47-9.18 (m, 2H), 8.51-7.92 (m, 10H),
7.22-6.99 (m, 9H), 4.67-4.50 (m, 4H), 4.14-3.84 (m, 12H),
3.69-3.56 (m, 6H), 2.81-2.65 (m, 2H), 1.95-1.74 (m, 4H),
1.74-1.58 (m, 2H), 1.45-1.16 (m, 38H), 0.96-0.78 (m,
27H); *C NMR (100 MHz, CDCl3) § ppm: 163.8, 163.6,
163.4, 156.9, 143.0, 139.7, 135.7, 134.0, 133.2, 1324,
131.7, 130.2, 129.2, 128.7, 127.5, 124.5, 123.8, 123.5,
122.1, 121.3, 120.5, 117.5, 70.9, 69.4, 59.5, 44.6, 38.1, 31.8,
31.0, 30.5, 294, 28.9, 24.2, 23.3, 23.2, 22.8, 14.3, 10.8.;
Elemental analysis for C;,H;;6N;01,Ss: Caled. C, 71.92; H,
6.25; N, 3.00; S, 8.57; Found C, 71.58; H, 6.26; N, 3.01; S,
8.56. TOF MS: m/z=1870.7 [M+H]".

6T was got in a yield of 75%. 'H NMR (400 MHz,
CD,Cly) 6 ppm: 9.41-9.22 (m, 2H), 8.49-7.96 (m, 10H),
7.21-6.84 (m, 10H), 4.65-4.47 (m, 4H), 4.15-3.86 (m,
12H), 3.70-3.54 (m, 6H), 2.81-2.60 (m, 4H), 1.93-1.75 (m,
4H), 1.75-1.58 (m, 4H), 1.45-1.16 (m, 44H), 0.98-0.73 (m,
30H); *C NMR (100 MHz, CDCl;) & ppm: 163.9, 163.6,
163.4, 156.9, 143.0, 140.8, 1359, 135.1, 134.0, 133.0,
131.7, 129.5, 129.2, 128.5, 126.7, 124.8, 123.8, 123.5,
122.1, 121.3, 120.5, 117.4, 70.9, 69.3, 63.6, 59.6, 58.4, 38.2,
31.8, 30.9, 30.5, 29.8, 29.4, 28.9, 24.2, 23.2, 22.8, 14.3,
10.8; Elemental analysis for Ci;pH;30N40,S¢: Caled. C,
71.94; H, 6.43; N, 2.75; S, 9.45; Found C, 72.18; H, 6.45; N,
2.74; S, 9.45. TOF MS: m/z=2036.2 [M+H]".

3 Results and discussion

3.1 Synthesis

As shown in Scheme 1, the distannyl product of thiophene
(3a), bithiophene (3b) and trithiophene (3¢) was synthesized
from commercial oligothiophenes involved no alkyl side
chains. Solubility of oligothiophene decreases with the size.
To possibly increase solubility of synthesized PDI dimers,
we introduced one or two n-hexyl side chains onto the
[B-position of the central thiophene on quaterthiophene,
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Scheme 1 Synthetic procedure of oligothiophenes 2d—2f, and bis(trime-
thylstannyl)oligothiophenes 3a—3f. Reagents and conditions: i) n-BuLi,
THF, -78 °C; MesSnCl, r.t.; ii) 1% PdCL(PhCN),, AgNOs/KF, DMSO,
60 °C; iii) 3% Pd(PPh;),, toluene, 110 °C; iv) NBS, CHCL;, 0 °C.

quinquethiophene, and sexithiophene. The palladium-
catalyzed C—H homocoupling reaction of the commercial 4
gave 5 in the presence of silver(I) nitrate and potassium
fluoride at 60 °C for 6 h in 96% yield. Then, 2d was synthe-
sized through a Stille coupling reaction between 5 and the
commercial 6 in a yield of 80%. 8 was prepared by the di-
bromination of the commercial 7 under mild conditions with
N-bromosuccinimide (NBS) in nearly quantitative yield.
Palladium-catalyzed Stille coupling reaction of 8 with 9,
and 5 with 9 yielded 2e and 2f, respectively. Stannylation of
2a-2f, respectively, afforded 3a—3f in 82%—-92% yield.
Stille coupling between the bis(trimethylstannyl)oligo-
thiophene and 1-(2-methoxyethoxyl)-7-brominated PDI (10)
gave the target products of the perylene diimide dimers of
1T-6T, as shown in Scheme 2. Because PDI 10 was syn-
thesized from 1,7-dibrominated PDI by following the nu-
cleophilic substitution of one of the two bromo atoms [43],
the product of PDI 10 will be certainly a mixture containing
the unsymmetrically substituted 1-(2-methoxyethoxyl)-6-
brominated PDI as the minor component [44]. The 1,6- and
1,7-isomers are difficult to be separated, and, therefore each
final compound of 1T-6T is surely a mixture, coupling from
the 1,6- and 1,7-isomers [21,22]. The peaks appearing
around 9.3 ppm in the "H NMR spectrum of each product of
4T-6T are indicative of the 1,6-isomers. Indeed, the prod-
uct of 1T-3T also contains the components from the 1,6-
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Scheme 2 Synthesis of dimeric PDIs 1T-6T bridged with oligothio-
phenes with 1-6 monomer units. Reagents and conditions: i) 3% Pd(PPhs)s,
toluene, 110 °C.

isomers. However, the perylene-H atoms from the 1,6- and
1,7-isomers overlap around 9.5 ppm. Therefore, a broad
band is seen in this position in the '"H NMR spectrum of
each product of 1T-3T.

3.2 Thermostability

Thermal stability of each dimer was investigated with ther-
mogravimetric analysis (TGA) under a nitrogen atmosphere,
as outlined in Figure S1 (Supporting Information online).
The results reveal that these dimeric PDIs have excellent
thermal stabilities with thermal decomposition temperatures
(T4, 5% weight loss) over 400 °C.

3.3 Solubility

All dimers are soluble in the commonly used solvents such
as 1,2-dichlorobenzene (0o-DCB). The solubility in o-DCB
is measured by spectrophotometric method and the results
are collected in Table 1. The solubility is of ~30 mg/mL for
1T and about 20 mg/mL for 2T, 4T, and 6T, while reduces
down to about 9 mg/mL for 3T and 5T. The higher solubil-
ity of 4T and 6T than 3T is due to the introduction of solu-
ble alkyl chains on the bridged thiophene units.

3.4 Molecular modeling

The optimal conformations of the dimers were calculated on
Gaussian 09 at the B3LYP/6-31G level of theory in the gas
phase. Figures 2 and S2 collect the optimal conformations
and dihedral angles of the six PDI dimers. The dihedral an-
gle between two PDI planes varies as the change of the
bridge size. As indicated from Table 1, the dihedral angle
between the two covalent PDI units increases slightly from
20.5° to 22.9° and 30.3° with the thienyl going from 1T to
3T and 5T, while from 2T to 4T and 6T, that value goes
from 5.7° to 17.7° and 30.0°. The dihedral angle between
the PDI plane and the directly attached thienyl plane is 50°
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Table 1 Solubility, conformations and energy levels of the six dimers

PDI Solubility 0 HOMO  LUMO ES

(mg/mL) ¥ ©)"» (eV) (eV) (eV)
1T 28.0 20.49 -5.65 -3.84 1.81
2T 193 5.66 -5.54 -3.84 1.70
3T 8.5 22.87 -5.36 -3.84 1.52
47 21.6 17.72 -5.24 -3.84 1.40
5T 9.8 30.33 -5.23 -3.84 1.39
6T 18.3 30.03 -5.10 -3.84 1.26

a) Measured in 0-DCB; b) dihedral angle between two PDI plane.

Y. (®) © "
(d) (e) (f)

— 2
sl g

Figure 2 Optimal conformations of PDI dimers of 1T (a), 2T (b), 3T (c),
4T (d), 5T (e), 6T (f).

(@)

for all the six dimers. The dihedral angles between the two
naphthalene planes of one PDI unit are of 20° and 15°, re-
spectively, along the side attached to the bridged oligoth-
ienyl and along the other side attached with the 2-methoxyl-
ethoxyl unit. Otherwise, the oligothineyl twists in a different
way with the increase of the size. This means that the in-
crease of the size varies the twisted nature of the covalently
linked two PDI units and also changes the coplanarity of the
oligothienyl bridge.

3.5 Electrochemical properties

The electrochemical properties of the dimers were analyzed
by using cyclic voltammetry (CV) with Ag/AgCl as refer-
ence electrode, as shown in Figure 3(a). The energy levels
of the HOMO and LUMO were determined from the onset
of oxidation and reduction waves, respectively, by using an
offset of 4.40 eV for the Ag/AgCl versus the vacuum level
(Table 1). Figure 3(b) depicts the energy level diagrams of
the synthetic PDIs, P3HT [21], and PC4BM. The HOMO
level is raised from —5.65 to —5.10 eV as the electron-
donating ability increases with the size of the bridged oli-
gothiophene going from 1T to 6T. The LUMO level is held
constant at —3.84 eV. This is because the highly twisted
conformation between the bridged-oligothiophene and ter-
minal perylene chromophoric unit significantly reduced the
electron conjugation between them, and hence the LUMO
energy is mainly determined by the electron-accepting
perylene and the HOMO energy is, however, mainly related
to the oligothiophene. This is indicated by the nearly iden-
tical absorption band from the oligothienyl bridge of the
PDI dimer (Figure 4(a)) to that of the corresponding oli-
gothiophene (Figure S3), both in the solution state. The
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Figure 3 (a) Cyclic voltammograms of the six PDI dimers in DCM with
0.1 mol/L BuyNPFs. Scan rate was 100 mV/s, Ag/AgCl was used as refer-
ence electrode; (b) energy diagram of P3HT, PC¢BM and the six PDI
dimers.
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Figure 4 UV-Vis absorption spectra of the six PDI dimers in a dilute
DCM with a concentration of 1x10™ mol/L (a) and in thin films on the
quartz plates (b).

electrochemical band gaps (E,") are estimated from the CV
data and listed in Table 1. The band gap decreases from
1.81 to 1.26 eV. The HOMO and LUMO levels of the PDI
dimers are both lower than those of P3HT, allowing for the
use as the acceptor material.

3.6 Absorption spectra

Figure 4(a) displays the absorption spectra of the six PDI
dimers of 1T-6T in dilute DCM solutions, and the optical
properties are shown in Table 2. The oligothiophene seg-
ments 2¢—2f are chosen for comparison (Figure S3 and Ta-
ble S1). 1T-6T all show two well-separated absorption
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Table 2 Optical properties of the six PDI dimers

Solution Film

Emax/10° (L/(mol cm))

PDI Amax (M) Amax (M) Aonser (NM)

1T 530, 562 51.0, 56.4 522, 645 732
2T 362,514, 566 39.8,53.9,54.8 338, 524, 572 752
3T 397,523,562 53.7,58.0, 46.0 398, 528, 568 785
4T 404, 535, 562 56.8,59.6,47.4 415, 541, 580 821
ST 421,536 63.4, 58.1 432, 542, 662 838
6T 432,536 70.5, 58.0 472, 560, 671 862

bands (indicating by the dashed green arrow): the right one
is mainly benefited from the PDI chromophores and origi-
nated from its electronic Sy—S; transition (Bpp), whereas
the left one is mainly from the bridged oligothiophene (Br)
segment. The absorptivity of the Br increases with the in-
crease of the size and its peak red-shifts simultaneously. The
maximum extinction coefficient of the Bpp is 55x10°—
60x10° L/(mol cm) for all the dimers. While, its shape varies
with the bridge size. 1T exhibits two absorption peaks around
530 and 562 nm, respectively. Their intensity is close to
each other. 2T shows a broader band with two peaks at 514
and 566 nm. The intensity of these two peaks is identical.
3T-6T, however, gives a hypochromically shifting peak at
523 nm for 3T and around 535 nm for 4T-6T. The lift of
the long-wavelength edge of the Bpp, as observed from 2T—
6T in between 600—700 nm, is due to the intramolecular
charge-transfer (ICT) transition from the electron-donating
oligothiophene to the electron-accepting PDI unit.

As the dimer transitions from the dilute solution to the
thin film, the absorption band of Bpp; is broadened obvi-
ously towards the long-wavelength and, for example, there
appears an apparent shoulder around 645 nm for 1T and a
visible band around 700 nm for 6T, as shown in Figure 4(b).
The long-wavelength edge of the Bpp; (Aonser) €Xtends to 732,
752, 785, 821, 838 and 862 nm for 1T-6T, respectively.
The estimated optical bandgap from the A is in line with
that from the electrochemical data. Conspicuously, the larg-
er bridge size leads to a more red-shifted absorption band
and a lower bandgap. The band of Bt of ST and 6T be-
comes much stronger than that of Bpp; and the Bt Peak of
T6 is bathochromatically shifted from 432 nm in solution to
472 nm in film.

3.7 Photovoltaic property

The photovoltaic property of the PDI dimer was primarily
characterized by selecting the commercial P3HT as the
blend donor. The solution-processed bulk-heterojunction
(BH)J) solar cells were fabricated with a conventional con-
figuration of ITO glass/PEDOT:PSS/P3HT:PDI dimer/
Ca/Al and were tested under an AM 1.5G simulated solar
light at 100 mW/cm’. Here, PEDOT:PSS is poly (3.4-
ethylenedioxy thiophene):poly (styrenesulfonate). Table S1
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collects the photovoltaic data under various optimizing con-
ditions. The best D:A weight ratio is of 1:1. The host sol-
vent is 1,2-dichlorobenzene (0-DCB).

Treatment of the 1:1 (w/w) blend film of P3HT:1T by
following a solvent vapor annealing or a thermal annealing
process gives a PCE of 0.89% and 0.47%, respectively (Ta-
ble S1). As the annealing process is applied firstly with the
solvent vapor annealing and followed by the thermal an-
nealing, a higher PCE of 1.16% is obtained with a short-
circuit current-density (Ji.) of 3.18 mA/cm? an open-circle
voltage (V,.) of 0.57 V, and a fill factor (FF) of 64.3%. The
optimal processing conditions for 1T were then applied for
other PDI dimers. Table 3 collects the photovoltaic parame-
ters of the best cells and Figure 5 displays the representative
current density-voltage (J-V) curves. Among the six PDI
dimers, 1T, 4T and 6T gives a PCE higher than 1%, where-
as another three have a PCE lower than 0.5%. The low J is
a major factor for the low PCE.

The accuracy of the J-V measurement is confirmed by the
EQE spectra (Figure 6(a)) of the best cells. The EQE re-
sponses cover a wide wavelength range from 350 to 700 nm,
and match with the corresponding absorption spectrum of
the blend film (Figure 6(b)). The shoulder before 500 nm,
for example, that around 410, 440 and 500 nm for 3T, 4T
and 6T indicates the contributions from the PDI dimer, par-
ticularly, from the oligothienyl bridge, to the photon-to-

Table 3 Photovoltaic parameters of the best cells using P3HT as the
blend donor

PDI Voe Je FF PCE (%) He
V) (mA/cm’) (%) Best av.? 107 (cm*(Vs))
1T 0.57 3.18 64.3 1.16 1.10 72
2T 0.64 1.15 52.6 0.38 0.34 15
3T 0.38 1.50 44 .4 0.25 0.20 5.3
4T 0.66 2.76 59.7 1.08 0.98 57
5T 0.51 0.66 32.5 0.11 0.10 1.7
6T 0.62 4.57 44.2 1.26 1.18 39

a) av.=average value, estimated from 10 devices.

2
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Figure 5 The J-V curves of the best devices based on the 1:1 blended
film of P3HT and PDI dimer.
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Figure 6 (a) EQE curves of the best cells; (b) absorption spectra of 1:1
(w/w) blend films with 1T—6T as the acceptor.

electron conversion. The lift of the EQE tail between 650
and 800 nm, for example, as observed from 6T, further
supports the contribution from the PDI acceptor. These cur-
rent density integrated from the EQE spectrum is 2.91, 1.07,
1.38, 2.55, 0.61, 4.20 mA/cm? for 1T-6T, respectively,
which is in good agreement with the J,. values (Table 3).

The V,. is generally related to the energy difference be-
tween the LUMO of the acceptor and the HOMO of the
donor. Otherwise, it is also affected by the film-morphology.
As we have observed that the V. is raised with the increase
of the phase size [22]. The V. value is about 0.60 V for the
dimer of 1T, 2T, 4T and 6T, respectively, which is close to
the value reported from other systems of P3HT:PDI dimer
[21,28]. These four dimers has a solubility value of about or
larger than 20 mg/mL (Table 1). Good quality blend films
can be obtained from these dimers. However, 3T and 5T
has a much smaller solubility, only about 9 mg/mL. Indeed,
we observed that the blend film from these two dimers is
worse than that from other four dimers. In fact, the film-
quality dependent V. is a normal phenomenon in the fabri-
cation of organic solar cells.

3.8 Electron mobilities

The electron mobilities were carried out by the SCLC
method with an electron-only device of ITO/TIPD/active
layer/Al. Figure S4 shows the plots of In(JL*/V?) vs. (V/L)"?,
which are extracted from the experimental electron-only J-V
data, and Table 3 gives the estimated electron mobilities.
The solar cell blend of P3HT:1T, P3HT:4T, and P3HT:6T
each shows a higher electron mobility, while each of
P3HT:4T and P3HT:6T has a much lower electron mobility.
The change trend of the electron mobility is in accordance
with the varying tendency of the J..

3.9 Film-morphology

The film-morphology of the solar cell blend was character-
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ized with TEM, as shown in Figure 7. The blend film from
1T, 2T, 4T and 6T each shows nanoscale interpenetrating
networks with smaller phase size, and the white/black do-
main size if of 20/30, 35/65, 35/50, 35/50 nm, respectively.
In contrast, each of 3T and 5T gives much different film-
morphology with relatively larger phase size (>100 nm).

4 Conclusions

Except for the reported dimer of 1T, another five new PDI
dimers were successfully synthesized by using oligoth-
iephene as the covalent aromatic bridge. The bridged oli-
gothiophene segment shows an absorption band before 500
nm, which is complementary to that of the covalent PDI
chromophore. The ICT absorption from the electron-
donating oligothiophene segment to the electron-accepting
PDI unit enhances with the increase of the oligothienyl size,
leading to a raise of absorption in the near IR region from
650 to 900 nm. Therefore, the absorption from the oligoth-
ienyl, PDI chromophore and the ICT between oligothienyl
and PDI together contributes to a wide spectral coverage
from 350 to 900 nm. The HOMO level increases from —5.65
to —=5.10 eV as the size of the oligothiophene increases,
while, the LUMO level is held constant at —3.84 eV. This
leads to a decrease of the band gap going from 1.81 to 1.26
eV as the covalent bridge goes from 1T to 6T. Taken to-
gether, a series of low bandgap and wide spectral coverage
small molecule acceptors are reported. The photovoltaic
property of each dimer is checked using P3HT as the donor,
while the dimer as the non-fullerene acceptor.

Although the PCE from non-fullerene organic acceptor
based solution-processed solar cells has been raised over
6%, this value is still yet largely lagged from the fullerene-
based counterparts, from which a PCE of 10%-11% has
been reported from several donor-acceptor systems with a
single-junction solution-processed device strcuture [45-48].

Figure 7 TEM images of the solar cell films based on 1:1 blended P3HT
and 1T (a), or 2T (b), or 3T (c), or 4T (d), or 5T (e), or 6T (f), respectively,
fabricated under the optimal conditions of the best cells.
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Therefore, efforts on the design and synthesis of new organic
acceptors and understanding of the reasons between the
performance differences should be made to further improve
the electric property of the non-fullerene organic solar cells.
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